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Enhancing the oxygen vacancy formation and migration in bulk 
chromium (III) oxide by alkali metal doping: A change from 
isotropic to anisotropic oxygen diffusion  
J. J. Carey,a and M. Nolana 
Oxygen vacancy formation and migration are vital properties for reducible oxides such as TiO2, CeO2 and Cr2O3 as the oxygen 
storage capacity (OSC) of these materials are important for a wide range of applications in photovolatics, oxidative catalysis 
and solid oxide fuel cells. Substitutional doping these transition metal oxides enhances their OSC potential, in particular for 
oxygenation and surface reaction chemistry.  This study uses density functional theory with on-site coloumb interactions 
(PBE+U) for Cr 3d states (+U=5eV) and O 2p states (+U=5.5eV) to calculate the oxygen vacancy formation energy and oxygen 
diffusion pathways for alkali metal (Li , K, Na, Rb) doping of bulk  chromium (III) oxide (α-Cr2O3) . Substitutional doping of the 
lattice Cr3+ cations with alkali metals that have a +1 oxidation state, creates two hole states on the neighbouring lattice O 
atoms, and removal of a lattice oxygen  charge compensates the dopants by filling the holes.  The removal of the next oxygen 
describes the reducibility of doped Cr2O3. The oxygen vacancy formation energy is greatly promoted by the alkali dopants 
with a correlation between the ionic radius of the dopant cation and vacacny formation energy; larger dopants (K, Rb) 
improve the reducibilty more than the smaller dopants (Li, Na).  The activation barriers for oxygen migration along different 
directions in the alkali metal doped Cr2O3 bulk were also calculated to examine the effect of doping on the oxygen migration.  
The calculated activation energies for the undoped Chromia are symmetric in three dimensions (isotropic) and the presence 
of the dopants break this isotropy. Alkali dopants promote oxygen migration in the oxygen intra-layers while supressing 
oxygen migration across the Cr cation layers.  The smaller dopants (Li, Na) facilitate easier migration in the oxygen intra-
layers to a greater extent than the larger dopants (K, Rb). The Na-Cr2O3 bulk promotes both oxygen vacancy formation and 
migration which makes it a novel candidate for anode materials in medium temperature SOFCs and battery applications.
Introduction 
The Chromium oxide is a reducible oxide with a number of 
oxidation states from Cr(II) to Cr(VI), crystallising in different 
phases of CrO, Cr2O3, Cr2O5, and CrO3, with the hexagonal 
corundum structure (α-Cr2O3) being the most 
thermodynamically stable at low temperatures and pressures.1 
Chromium (III) oxide (Cr2O3) is a dielectric material having a 
wide band gap (<3eV), and half way between a Mott Insulator 
and charge transfer semi-conductor,2, 3 as the valence band 
maximum (VBM) and conduction band minimum (CBM) are a 
mixture between Cr 3d states and O 2p states that are 
characterised by electron-energy-loss spectroscopy,4 and X-ray 
photoemission spectroscopy.5 Density functional theory (DFT) 
calculations using the generalised gradient approximation 
(GGA) have calculated the band gap in the range of 2.8eV – 
3.1eV, typically underestimated for this method,6-9 while a 
screened-exchange hybrid functional method obtained a gap of 
3.31eV.10 Chromia is an anti-ferromagnetic material with 
alternating “-+-+” Cr layers describing the magnetic ordering 
throughout the material.9, 11 Bulk chromia is useful for a wide 
range of applications in oxygenation catalysis,12-16 methanol 
synthesis,17-19 as an anode material for Li-ion battery 
applications,20, 21 in gas sensors,22 for solid oxide fuel cells,16, 23 
protective coatings,24, 25 and adhesion promotors.26 For all these 
applications the formation of oxygen vacancies and migration 
throughout the material is crucial to efficiently carry out its role 
as an active oxidising component.  
 
The oxygen vacancy formation of the bulk α-Cr2O3 material can 
be greatly improved by substitutional doping of the Cr3+ cation 
at its lattice site with a metal dopant to alter the electronic 
properties of the host material and improve its key properties. 
This approach is extensively used for improving the oxygen 
vacancy formation, an important property for redox chemistry 
and for lattice oxygen mobility, in well-known oxides such as 
TiO2,27-32 and CeO2.33-40 Substitutional doping on the host cation 
site alters the electronic and transport properties, and also the 
geometry of the material which enhances oxygen vacancy 
formation and can enhance migration of oxygen throughout the 
host material (e.g. trivalent doping of CeO237, 40-42). Doping with 
a metal that has a lower valence state in its parent oxide than 
the host oxide material (lower valence dopant, LVD) creates an 
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effective positive charge at the anion lattice site, referred to as 
a hole state. Dopants with a valence state that is higher in its 
parent oxide than the host are known as higher valence dopants 
(HVD) and they introduce excess electrons into the system 
which typically reduce cations in the host material. Introduction 
of holes and electrons in such a way through selective doping of 
materials allows manipulation of the transport properties of the 
material to improve the key properties, such as nitrogen doping 
in Cr2O3 to improve the mobility of holes for p-type conductivity 
in the material for optoelectronic devices.43-46 Mg doping of 
Cr2O3 changes the electronic and local geometric structure of 
Chromia by replacing a Cr3+ cation with an Mg2+ cation that 
creates holes in the material for enhanced p-type conductivity 
under oxygen rich conditions and this has been extensively 
studied by experiment and theory.12, 13, 47-53 Co-doing Cr2O3 with 
both Mg and N shows improved optical and electronic 
properties over single Mg doped Cr2O3;47, 54 however the 
Cr2O3:N and Cr2O3:Mg were found to contain separate phases, 
and the enhancement was attributed to the Cr2O3:N component 
from the presence of NO3- moieties in the complex, inducing 
band gap widening that led to improved transmission 
properties. The growth conditions of Mg:Cr2O3 in either Cr-
rich/O-poor or Cr-poor/O-rich were found to play a vital role in 
improving p-type conductivity in Chromia.53 In the O-rich 
regime the Mg dopant is uncompensated, displaying p-type 
behaviour while in the O-poor regime the Mg dopant is likely to 
be compensated, and filling the holes which is detrimental to p-
type conductivity.55 Experimental studies using X-ray diffraction 
and X-ray photoemission spectroscopy along with DFT+U 
calculations showed that co-doping of N and F in Cr2O3 greatly 
distorts the lattice structure however, the N doping was 
compensated by the F doping and no enhanced conductivity 
was observed.52  Doing with Ca,7 Ti8 and Fe56 metal atoms were 
all found to alter the electronic and magnetic properties of 
Chromia by reducing the fundamental band gap compared to 
bulk Chromia, while also increasing the concentration of charge 
carriers in the material. The aforementioned studies on doping 
Chromia to alter the fundamental properties of the material for 
various applications have shown improvement over the bulk 
undoped material, and such enhancements by substitutional 
doping are expected to facilitate more facile oxygen vacancy 
formation and migration in bulk Chromia.  
 
The incorporation of LV metal dopants in bulk metal oxides 
allows spontaneous formation of oxygen vacancies in the bulk 
by a charge compensation mechanism, where holes formed 
after doping are filled with electrons released by the oxygen 
vacancy to maintain charge neutrality in the bulk material. This 
is given in Kröger-Vink notation for the example of a +1 metal 
dopant on a Cr3+ cation site; 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑥𝑥 + 𝑂𝑂𝑜𝑜𝑥𝑥 + 𝑀𝑀2𝑂𝑂 → 𝑀𝑀𝐶𝐶𝐶𝐶′′ + 2𝑂𝑂𝑂𝑂. +  𝐶𝐶𝐶𝐶2𝑂𝑂3   (hole formation) 
 
𝑀𝑀𝐶𝐶𝐶𝐶
′′ + 2𝑂𝑂𝑂𝑂. + 𝑂𝑂𝑜𝑜𝑥𝑥 →  𝑀𝑀𝐶𝐶𝐶𝐶′′ + 2𝑂𝑂𝑂𝑂𝑥𝑥 + 𝑉𝑉𝑜𝑜..    (compensation) 
Where 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑥𝑥  is a neutral Cr cation on a Cr3+ lattice site, M is an 
LV metal dopant that has an oxidation state of +1, 𝑀𝑀𝐶𝐶𝐶𝐶′′  is the 
metal substituting a Cr3+ lattice site with an effective charge of 
-2, each 𝑂𝑂𝑜𝑜.  is a hole on an oxygen lattice site forming O- 
(polaron), and 𝑉𝑉𝑜𝑜.. is the formation of an oxygen vacancy at an 
O2- lattice site with an effective charge of +2 that acts as a 
charge compensating species. Accounting for charge 
compensation is critical to correctly describe the ground state 
electronic structure for modelling and investigating LV dopants 
in a metal oxide.33, 34, 36, 37, 39, 55 The resulting reduced bulk oxide 
is oxygen deficient which can be observed experimentally as the 
vacancy cannot be annealed in the presence of excess oxygen.40, 
57 These vacancies will therefore always be present in the doped 
bulk metal oxide creating local distortions in the material 
allowing improved oxygen vacancy formation and migration 
throughout the bulk lattice. The removal of a second oxygen 
species from the bulk lattice is known as the ‘active’ oxygen 
vacancy describes the reducibility and the energy required to 
form this vacancy can be experimentally measured.57 This 
approach has been successfully used for +2 dopants in Cr2O3,55, 
58 and CeO233, 34, 39 and for +3 dopants in CeO236, 37, 40 and TiO229, 
30 where charge compensating mechanisms induce 
spontaneous oxygen vacancy formation and the active oxygen 
species is more favourable to form than the oxygen vacancy of 
the undoped bulk metal oxide.  
 
The diffusion of charge carriers in bulk Cr2O3 is important for a 
number of applications, in particular the movement of oxygen 
species for anodes in SOFCs, corrosion resistant materials, 
battery materials and oxygenation catalysis. Not only does the 
diffusion of defects/ions in the material play a key role in its use 
for applications, but this is also important for the growth of 
Cr2O3 layers and films. Early Mott-Littleton calculations by 
Catlow et al.59 investigated various cation/anion 
interstitials/vacancies finding that interstitials are favoured 
over vacancies but the dominant defects are Schottky defects 
(2𝑉𝑉𝐶𝐶𝐶𝐶′′′ + 3𝑉𝑉𝑜𝑜∙∙) in Cr2O3 indicating that vacancy defects are 
abundant throughout the material into which cations/anions 
can diffuse, while polarons are the most stable electronic 
defects that are compensated in the material. Diffusion barriers 
for the intrinsic defects in bulk Cr2O3 were calculated to range 
from 1.75 – 8.94 eV for cation diffusion and 1.12 – 10.81 eV for 
anion diffusion depending on the direction of diffusion in the 
bulk material. DFT+U calculations incorporating the Hubbard +U 
correction for Cr 3d states have shown that Cr vacancies and Cr 
Frenkel defects have lower formation energies of 4.84 eV and 
2.36 eV, respectively, than oxygen vacancies (5.12 eV) but 
oxygen diffusion is more facile than Cr diffusion, which is 
consistent with experimental studies.6, 60 The calculated 
diffusion barriers for oxygen migration in the xy-plane (intra-
layer) within the same O-layer ranges from 2.21 eV to 3.22 eV, 
while oxygen migration in the z-direction (inter-layers) across a 
Cr layer is calculated to range from 2.35 eV to 3.65 eV, showing 
that migration in bulk Cr2O3 is essentially isotropic since the 
largest barrier is rate determining and is similar in both cases. 
Classical molecular dynamics simulations also examined point 
defect migration in bulk Cr2O3 for Schottky defect pairs, with 
oxygen diffusion barriers ranging from 0.57 eV to 1.34 eV at 300 
K.61 Experimental studies have found that oxygen diffusion is 
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affected by oxygen vacancy formation, and migration becomes 
more facile along grain boundaries where structural defects and 
doping in the Cr2O3 bulk promote oxygen mobility.62-64 Although 
doping has shown to improve the formation of oxygen 
vacancies in bulk Cr2O3 there is no clear indication that doping 
also improves the diffusion and migration of oxygen throughout 
the material. To our knowledge, there are no studies that have 
investigated the effect of doping on the migration of oxygen in 
bulk Cr2O3 and any investigation or knowledge into this area of 
study is lacking from a computational viewpoint.  
 
Investigations into the formation and migration of oxygen 
vacancies provide insight into the ability of a metal oxide to 
diffuse oxygen throughout the lattice which has clear 
consequences on the oxygenation properties and ionic 
conductivity of the material for applications in SOFCs and 
oxygenation catalysis. CeO2 is known to be an extremely useful 
reducible oxide material and, the diffusion barrier for oxygen 
vacancy migration was calculated to be 0.53 eV using DFT+U for 
a single oxygen migration in the xy plane.65 The diffusion barrier 
is concentration sensitive with DFT calculated values varying 
from 0.46 to 1.08 eV depending on the vacancy concentration 
in the cell,66, 67 and biaxial strain on the material was also found 
to increase the ionic conductivity of the material by reducing 
the activation energies.68 Doping CeO2 with aliovalent metals 
such as Pr is found to greatly affect the ionic conductivity of the 
material, with DFT+U calculated activation energies from 0.41 
to 0.78 eV depending on the direction of the migration in the 
bulk.69  Indeed, doping CeO2 with lower valence dopants such 
Nd3+, Y3+, Gd3+ is found to greatly improve the ionic conductivity 
of the material compared to undoped CeO2, and co-doping 
combinations with Nd/Y, Nd/Sm, and Pr/Gd are found to further 
increase the ionic conductivity by up to 40%, presumably in part 
through a charge compensating mechanism but the authors do 
not allude to this.66, 70 Not only does the charge of the dopant 
have an effect on the oxygen migration energies and 
mechanism, but also the ionic radius of the dopant incorporated 
into the lattice. The diffusion of oxygen was examined in Th 
doped CeO2 and Ce doped ThO2 by pair-potential and molecular 
dynamics calculations. The incorporation of Th in CeO2 
increases the migration barriers, reducing the diffusivity, while 
incorporation of Ce into ThO2 decreases the migration barriers, 
increasing the diffusion of oxygen within the material.71 The 
authors find that the mismatch in ionic radius between Ce and 
Th affects the migration barrier with the dopant having the 
smaller ionic radius (Ce in ThO2) increasing the ionic 
conductivity of the material; however they find that Ce can bind 
an oxygen vacancy too strongly and under oxygen deficient 
conditions this can limit the migration of oxygen atoms. This 
study also compares trivalent and tetravalent dopants, finding 
that for similar radii cations, trivalent cations bind oxygen 
vacancies more strongly than tetravalent dopants while 
tetravalent cations show negative binding energies and 
trivalent cations show positive binding energies for oxygen 
vacancies indicating that electrostatics as well as ionic radii play 
a role in oxygen migration. Although Cr2O3 has a larger 
calculated activation energy barrier for oxygen vacancy 
migration from DFT+U calculations than CeO2, it is a more 
durable, low cost metal oxide material than can withstand 
higher temperatures and pressures than CeO2 which make it a 
more suitable candidate for SOFCs anodes and oxygenation 
catalysis carried out a temperatures exceeding 1000K. Unlike 
CeO2, the oxygen migration process with different dopants has 
not been studied in Cr2O3. We propose that to enhance the 
oxygen vacancy formation and migration in Cr2O3, doping with 
alkali metals will be a novel approach to realise activation 
barriers on par with highly reducible metal oxide catalysts such 
as CeO2, and allow Cr2O3 to be used as a low cost oxide in many 
applications.  
 
In this study we use DFT calculations with on-site corrected 
Coulombic interactions (PBE+U) with a Hubbard + U correction 
applied to the Cr 3d and O 2p states to correctly model the 
correlated behaviour of α-Cr2O3 in investigating the effect of 
substitutional doping with alkali metals on the oxygen vacancy 
formation and oxygen diffusion processes. We see that the 
removal of a first oxygen species from the doped lattice is 
preferentially next nearest neighbour to the dopant cation in all 
cases, and the release of two electrons from this process fills 
the holes on the lattice oxygen atoms generated from the 
dopant cation (charge compensation). The removal of a second 
oxygen atom forms the active oxygen vacancy that is of interest 
for migration. This releases two electrons into the system, 
reducing neighbouring Cr cations from Cr3+ to Cr2+. There is a 
correlation between oxygen vacancy formation energies and 
the dopant ionic radius; a larger ionic radius promotes oxygen 
vacancy formation.  Upon doping, the calculated migration 
barriers do not however, correlate with oxygen vacancy 
formation energies as the change in structure influences the 
migration pathways. 
Computational Methodology  
All calculations are carried out using density functional theory 
(DFT) within the generalised gradient approximation (GGA)72 
using the Perdew-Burke-Ernzerhof (PBE)73 exchange-
correlation functional as implemented in the Vienna Ab initio 
Simulation Package (VASP).74-76 The valence electrons are 
described using a plane wave basis set and the interaction of 
the core (Li:[He], Na:[Ne], K:[Ar], Rb:[Kr], Cr:[Ar], O:[He]) and 
valence (Li 1s2 2s1 2p0, Na 3s1 3p0, K 3s2 3p6 4s1 , Rb 4s2 4p6 5s1, 
Cr 3d5 4s1, O 2s2 2p4) electrons is described using the projector 
augmented wave method (PAW).77, 78 The Hubbard +U 
correction (PBE+U) as described by Dudarev et al.79, 80 for the 
electronic on-site coulombic interactions is applied to the Cr 3d 
(+U=5eV) and O 2p states (+U=5.5eV) which has been shown to 
correctly described the ground state electronic and magnetic 
structure of Cr2O3 and doped Cr2O3.9, 11, 55 The value of 5.5 eV on 
the O 2p states has been used in different metal oxides in, e.g. 
refs. 37,81 and 38 on CeO2 and TiO2, and in ref. 55 for doped bulk 
Cr2O3. A calculation with this +U correction applied to the free 
O2 molecule is required to obtain consistent total energies for 
the calculation of the O vacancy formation energies throughout 
the paper. Otherwise the oxygen in the lattice and the oxygen 
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removed will be described differently and energy differences 
cannot be computed. 
 
The α-Cr2O3 bulk is optimised using a conjugated gradient 
algorithm at a series of constant volume calculations with the 
atomic positions and lattice vectors being allowed to relax, 
where the unit cell lattice constant parameter is varied from 
±2% of the experimental value. This was carried out for a 
number of k-point meshes (4x4x4, 6x6x6, 8x8x8) using the 
Monkhorst-Pack method,82 and a number of energy cut-off 
values (400eV, 500eV, 600eV). The obtained energies for each 
series of k-point meshes and energy cut-offs were fitted to the 
Murnaghan equation of state83 to determine the parameters 
that provided the lowest energy structure for bulk α-Cr2O3. This 
approach is used to avoid the issues associated with Paluy stress 
that can occur for plane wave calculations. The optimised 
parameters for the minimum energy Cr12O18 bulk are a k-point 
mesh of (4x4x4) and an energy cut-off of 500eV, where the 
lattice constants a=5.08Å, b=4.40Å and c¬=13.93Å deviate from 
the experimental lattice by 2.48%.84 The structures were 
deemed converged when the forces on the atoms were reduced 
to below 0.02 eV/Å.  
 
To accommodate the inclusion of a dopant species and remove 
any interactions between images under periodic boundary 
conditions, the bulk cell for α-Cr2O3 was expanded to a 2x2x2 
supercell providing a Cr96O144 composition with a 1.04% doping 
concentration for one alkali metal atom on a Cr cation lattice 
site. This large super cell was relaxed at an energy cut off of 500 
eV but with a reduced k-point mesh of (2x2x2). One of the Cr 
cations was replaced on its lattice site with an alkali metal 
species (Li, K, Na, Rb), and the system was relaxed. Caesium was 
also investigated, but convergence could not be achieved. This 
was attributed to the much larger ionic size of the Cs dopant 
(1.67Å) compared to Cr cation (0.73Å) which cannot be 
accommodated in the bulk Cr2O3 structure.  
 
The charge compensating oxygen vacancy formation was 
investigated by exploring the removal of a lattice oxygen species 
next nearest and next-next nearest neighbour in various sites 
around the dopant species. The energies for the formation of 
each compensated vacancy was calculated by; 
 
E[comp] = (E[Mx-Cr(2-x)O(3-y)] + ½ E[O2]) – E[Mx-Cr(2-x)O3]  
 
Where E[Mx-Cr(2-x)O(3-y)] is the calculated energy for the alkali 
metal (M) doped bulk α-Cr2O3 with the charge compensated 
oxygen vacancy, E[O2] is the calculated energy of gaseous O2 
(+U=5.5 eV applied to the O 2p states) and E[Mx-Cr(2-x)O3] is the 
calculated energy for bulk M doped α-Cr2O3. This charge 
compensation mechanism arises because the M+1 dopant has a 
formal oxidation state of two less than Cr3+ and will create two 
holes on neighbouring lattice oxygen atoms. The removal of a 
lattice oxygen atom will fill the holes with two electrons giving 
a [𝑀𝑀𝐶𝐶𝐶𝐶′ + 𝑉𝑉𝑂𝑂..] ground state. Here we will compare PBE+U and 
HSE approaches in describing this process as PBE+U can give 
small positive energies while HSE is known to provide a negative 
formation energy for lower valence charge compensation in 
doped oxides.30 A negative E[comp] indicates that the charge 
compensation mechanism occurs, and the magnitude of this 
value is not significant. For the HSE method, 25% Hartree-Fock 
exchange is used with a screening length of 0.2 Å-1. The ‘active 
oxygen vacancy’ formation is studied by removing a second 
oxygen species from the vacancy compensated structure of M 
doped α-Cr2O3. This provides the energy for the active oxygen 
vacancy formation and is exhaustively explored around the 
dopant species to obtain the lowest energy position. The energy 
for the active vacancy for each of the M doped α-Cr2O3 is 
calculated from; 
 
E[active] = (E[Mx-Cr(2-x)O(3-2y)] + ½ E[O2]) – E[Mx-Cr(2-x)O(3-y)]  
 
Where E[Mx-Cr(2-x)O(3-2y)] is the calculated energy for the active 
vacancy structure, E[O2] is the calculated total energy for 
gaseous O2 as defined above and E[Mx-Cr(2-x)O(3-y)] is the 
calculated total energy for the charge compensated structure.  
 
The electronic structure for each of the systems under 
consideration are examined using the partial (ion and quantum 
number l decomposed) electronic density of states (PEDOS). 
The charge interactions and transfer processes are investigated 
using Bader’s atoms in molecules (AIM) approach as 
implemented in VASP by the Henkleman group,85-87 and 
computed spin magnetisations.  
 
The climbing image nudged elastic band approach (CI-NEB) as 
implemented in VASP by the Henkelman group,88-90 is used to 
investigate oxygen vacancy migration in undoped and alkali 
doped Cr2O3. For the undoped Cr2O3 bulk, various oxygen 
vacancy structures are used to anchor the calculation and three 
‘images’ are set up between the start and end points of the 
calculation. The input ‘images’ are estimated by generating 
structures where the migrating oxygen atom to the vacancy site 
is placed at equidistant positions along a designated migration 
pathway between two anchor points. The structures are then 
relaxed with respect to one another using the Broyden-
Fletcher-Goldfarb-Shanno algorithm90 with a similar 
convergence criteria to the relaxation of the bulk structures. 
The compensated structures are used as the anchor points for 
the CI-NEB method to investigate oxygen vacancy migration in 
the alkali doped Cr2O3 structures where the lowest energy 
structure and the next oxygen lattice position are used as the 
start and end points of the calculations. The oxygen vacancy 
migration pathways are explored in between oxygen layers 
across a Cr cation layer in the z-direction, while intra-layer 
migration in the xy-plane of the same O layer is also investigated 
for undoped and doped structures. All TS structures are checked 
for a single imaginary frequency and relaxing these structures 
returns to one of the anchor points. 
Results 
Bulk and Reduced α-Cr2O3 
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The calculated lowest energy structure for bulk α-Cr2O3 
(Chromia) is shown in Figure 1(a) along with the associated 
PEDOS. The Cr3+ cations adopt distorted octahedral 
environments in the bulk lattice, while the O2- anions have a 
tetrahedral geometry. The structure of the bulk Chromia is 
composed of alternating, neutral stoichiometric Cr4O6 layers 
and the calculated Cr-O bond lengths range from 2.02Å to 
2.05Å. The calculated PEDOS plot for bulk Chromia shows that 
the valence band (VB) and conduction band (CB) are a mixture 
of Cr 3d and O 2p states. The VB has similar degrees of mixing 
from the two species while the CB is dominated by Cr 3d states. 
The calculated band gap between the VB maximum (VBM) and 
CB minimum (CBM) is 2.60 eV which is underestimated from the 
experimental value but within the reported range for PBE+U 
calculations.6, 53 The calculated Bader charges for Cr3+ cations 
and O2- anions in the Cr2O3 lattice are 4.0 e-, and 7.3 e-, 
respectively55. 
 
To investigate oxygen vacancy formation in the bulk Chromia 
lattice, an oxygen atom was removed from the lattice and it was 
allowed to relax with the local geometry around the oxygen 
vacancy being shown in Figure 1(b) along with the calculated 
PEDOS plot. The removal of an oxygen atom partially reduces 
four neighbouring Cr cations as indicated by the orange atoms. 
As an oxygen vacancy is expected to reduce two Cr cations, 
various approaches to localise the electrons proved 
unsuccessful and all structures relaxed to that shown in Figure 
1. The complex antiferromagnetic structure with alternating 
layers may explain the need to move to partial reduction of the 
Cr to achieve a singlet ground state electronic structure. The 
PEDOS plot for the reduced Chromia lattice shows the 
appearance of occupied and unoccupied Cr 3 d peaks in the 
band gap from the reduction process. The bottom panel of the 
PEDOS plot shows that the Cr1 and Cr2 cations labelled in the 
local geometry contribute to the spin up Cr 3d states and the 
Cr3 and Cr4 cations contribute to the spin down peak. The 
occupied and unoccupied Cr peaks in the band gap are located 
at 0.80 eV and 2.00 eV above the VBM. The calculated 
formation energy for the oxygen vacancy is 4.11 eV and this is 
used as a benchmark to examine the removal of oxygen atoms 
in the alkali metal doped systems. 
 
Charge compensation and active oxygen vacancy formation in 
alkali doped α-Cr2O3 
The doping of bulk Chromia with the alkali earth metals was 
carried out by replacing a Cr3+ cation on its lattice site with an 
alkali metal (M1+) species. This was carried out for Li, Na, K, and 
Rb but could not be examined for Cs as already described, 
arising from the large mismatch in ionic radius with the Cr3+ 
cation. The Cs dopant therefore does not conform to a doping 
mechanism into the Cr3+ lattice site in the bulk, and would either 
cause a separation of phases between Cr2O3 and Cs2O or remain 
on the surface of the catalyst. The relaxed local geometries for 
alkali doped Chromia are shown in Figure 2 along with the 
calculated PEDOS plots and the dopant oxygen bond lengths are 
given in Table 1. The substitution of a Cr3+ cation with an alkali 
metal greatly distorts the local geometry with the dopant cation 
adopting a different geometry to that of the Cr3+ octahedral 
cation. For Li+ the dopant relaxes to a position below the rest of 
the Cr layer by 0.71 Å to a three coordinated trigonal pyramidal 
geometry while the larger cations Na+, K+ and Rb+ are all able to 
maintain the six fold octahedral geometry and move by 0.21 Å, 
0.39 Å and 0.33Å below the Cr layer, respectively, giving two 
sets of M-O distances; three short and three long bonds. The 
shortest bond lengths in Table 1 are associated with the M-O 
bonds in the oxygen layer below the dopant cation, while the 
longest bond lengths are the M-O bonds to the oxygen layer 
above, with all alkali-oxygen bonds being typical of 
experimentally determined values in the corresponding bulk 
oxides.91  
 
The introduction of a LV M+ dopant on a Cr3+ cation lattice site 
is expected to produce two holes on neighbouring oxygen 
atoms. Examining the Bader values for all oxygen atoms, two 
oxygen species have a change in Bader value from 7.3 electrons 
(O2-) to 7.0 electrons (O-) and have a spin magnetisation value 
of 0.5, which are thus identified as the hole containing O- 
species that are shown in Figure 2 by the light blue spheres. The 
locations of the O- species in Li-Cr2O3 are both in the upper O 
layer as low coordinated oxygen atoms above and not 
coordinated to the Li dopant For Na-Cr2O3, K-Cr2O3 and Rb-Cr2O3 
Figure 1: The calculated geometry and PEDOS plots for (a) Bulk α-Cr2O3 and (b) reduced 
α-Cr2O3. The unit cell is shown for bulk α-Cr2O3 while the local geometry around the 
oxygen vacancy (black sphere) is shown for the reduced α-Cr2O3. The blue, red and 
orange spheres are the lattice positions of the Cr cations, O anions and reduced Cr 
cations respectively. The green, red and purple lines are the Cr 3d, O 2p and spin down-
Cr(3-δ) 3d states in the PEDOS plot with the top of the valence aligned to 0 eV and the 
dotted line showing the position of the Fermi level 
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the O- species are directly coordinated to the dopant in the 
layers above and below the dopant as shown in the figure.  
 
The calculated PEDOS plots for each of the doped Chromia 
systems are shown in the lower panel of Figure 1 below the local 
structures. The VB and CB are mainly composed of Cr 3d and O 
2p states with a minor mixing of alkali Xs/p states (X=2-5) as the 
concentration of dopant is low. As the energy levels of the 
dopant increase from 2s/p to 5s/p, the contributions from the 
dopant to the VB are at a higher energy so that K 4s/p and Rb 
5s/p states are located above the Cr 3d and O 2p states. The up 
shift of the s/p energy states down the alkali group introduces 
unoccupied metal dopant states above the Fermi level. The 
lower panel of the PEDOS plots show the contributions from the 
O- species as identified by the light blue spheres in the figure, 
and the O 2p states seen above the Fermi level are unoccupied 
which are attributed to the hole states on these oxygen atoms. 
For Li-Cr2O3 both O- species have spin up peaks, while for Na-, 
K-, and Rb- Cr2O3 the oxygen atom in the upper oxygen layer is 
spin up while oxygen in the lower layer is spin down. 
 
Table 1: The dopant ionic radius and calculated distances for the M - O bonds 
Bond Ionic Radius (Å) Distance (Å) 
Cr – O  0.62 2.05 
Li – O 0.59 1.87 (x2), 1.91 
Na – O  0.99 2.13 (x2), 2.15, 2.33 
(x2), 2.46 
K – O  1.38 2.27 (x3), 2.52 (x3) 
Rb – O  1.52 2.31 (x3), 2.58 (x3) 
 
The formation of the charge compensating oxygen vacancy in 
each of the alkali metal doped Chromia structures is 
investigated by examining the removal of oxygen atoms in next 
neighbour and next-next neighbour positions in the oxygen 
layers above and below the dopant cation to identify the 
position of the lowest energy oxygen vacancy (see supporting 
information for the range of compensating oxygen vacancies 
considered). The lowest energy configuration for the charge 
compensating oxygen vacancies in each alkali doped Cr2O3 bulk 
are shown in Figure 3, along with the corresponding calculated 
PEDOS plots. The calculated energies for the removal of the 
charge compensating vacancy are provided in Table 2 for the 
PBE+U and HSE approaches. The low positive formation 
energies computed with PBE+U (< 0.71 eV and negative for K+-
doping) and the negative vacancy formation energies for HSE 
confirm that the removal of the oxygen atom as a charge 
compensating vacancy is indeed the stable ground state of alkali 
metal doped Cr2O3 as seen previously for doped Cr2O3, CeO2 and 
TiO2.30, 37, 39, 55  
 
For all alkali doped structures the lowest energy compensating 
oxygen vacancy is located in the oxygen layer below the dopant 
cation as indicated by the black sphere in Figure 3. The Li+ 
dopant is displaced into the Cr layer above to bond with oxygen 
in the next anion layer to maintain its three coordinated trigonal 
pyramidal structure while the Na+ dopant changes to a four-
fold square planar geometry to respond to removal of the 
previously bonded oxygen atom. The larger K+ and Rb+ cations 
cannot exhibit the same flexibility, remaining in similar lattice 
positions while having a five-fold coordination arising from the 
removal of the oxygen atoms; their large ionic radii prevents any 
significant displacement. All bond lengths remain similar to the 
values given in Table 1.  The removal of an oxygen atom releases 
two electrons to compensate the holes created by the 
introduction of the alkali metal dopant. The Bader values for the 
previously identified O- species in the alkali doped bulk 
structure, that are shown by the light blue spheres in Figure 2, 
showing an increase from 7.0 electrons to 7.3 electrons with a 
spin magnetisation of 0.0. This indicates that the previously 
formed holes are now filled.  This is also reflected in the 
calculated PEDOS plots in Figure 3, as the lower panel shows 
that the previously unoccupied states for the oxygen hole are 
now filled, lying below the Fermi level for all doped alkali metal 
systems. Further examination of the PEDOS plots show that the 
Figure 2: The local optimised geometry and calculated PEDOS for (a) Li-Cr2O3, (b) Na-
Cr2O3, (c) K-Cr2O3 and (d) Rb-Cr2O3. The grey and red spheres are the lattice positions of 
the Cr cations and O anions, while the green, purple, pink, and orange spheres show the 
locations of the Li, Na, K and Rb dopants. The light blue spheres show the locations of 
the oxygen holes, denoted Oh1 and Oh2. The blue, red, green lines in the PEDOS plot are 
the s, p and d states with the top of the valence band aligned to 0 eV and the dotted line 
shows the Fermi level. 
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dopant s/p states now have an energy gap between the highest 
occupied state and the lowest unoccupied state in the overall 
fundamental band gap of the system. 
 
 
Table 2: The calculated formation energies for the charge compensating oxygen 
vacancy in alkali metal doped Cr2O3 using the PBE+U and HSE approach 
System PBE+U (eV) HSE (eV) 
Li-Cr2O3 +0.71 -2.78 
Na-Cr2O3 +0.68 -2.49 
K-Cr2O3 -0.04 -4.51 
Rb-Cr2O3 +0.13 -3.82 
 
 
The removal of a second oxygen atom from the alkali metal 
doped Cr2O3 bulk results in the formation of the ‘active’ oxygen 
vacancy and the energy associated with formation of this 
vacancy is a descriptor of the reducibility. In a similar manner to 
the charge compensating vacancy, oxygen atoms in nearest 
neighbour and next nearest neighbour positions in the layers 
above and below the dopant were removed from the 
compensated structure to identify the lowest energy active 
oxygen vacancy position in each of the doped structures (the 
range of energies is given in the supporting information).  The 
lowest energy positions for the ‘active’ oxygen vacancy in each 
of the alkali metal doped structures are shown in Figure 4, along 
with the corresponding PEDOS plots. The active oxygen vacancy 
is found to be preferentially formed in the oxygen layer nearest 
neighbour to the alkali metal dopant cation as shown by the 
dark blue spheres in Figure 4. The formation of a nearest 
neighbour oxygen vacancy to each of the alkali metal dopants 
reduces the coordination of the dopant; Li+ changes 
coordination to a two-fold bridging cation, Na+ re-arranges to a 
four-fold distorted tetrahedral coordination, K+ adopts a four-
fold distorted square planar coordination and Rb+ has a four-
fold distorted tetrahedral geometry. The M-O bond lengths 
remain similar to those listed in Table 1 and we also note that 
relaxations around the dopant sites correlate with the dopant 
ionic radius – the relaxations of neighbouring atoms away from 
the dopant increase from Li > Na > K > Rb. This is also indicated 
by the dopant-O bonds in Table 1. 
 
The calculated PBE+U formation energies for the active oxygen 
vacancy in each of the alkali metal doped structures are given in 
Table 3. The presence of the alkali metal greatly decreases the 
oxygen vacancy formation energy compared to the undoped 
bulk Chromia (4.11 eV) making it more facile to form oxygen 
vacancies in the doped bulk. This significant reduction in the 
formation energy promotes oxygen vacancies in Cr2O3, strongly 
enhancing reducibility.  The size of the dopant cation is also 
seen to play a key role as the formation energy of the active 
oxygen vacancy decreases further down the group 1 alkali 
metals which indicates that the large cations allow easier 
formation of vacancies than the smaller cations. This is due to 
the release of strain, allowing the larger cation to relax in the 
off –stoichiometric Cr2O3 lattice.  
 
Table 3: The calculated energies for the active oxygen vacancy formation in each of the 
alkali doped metal structures 
System E[active] (eV) 
Cr2O3 4.11 
Li-Cr2O3 2.71 
Na-Cr2O3 2.27 
K-Cr2O3 2.14 
Rb-Cr2O3 1.09 
 
The formation of the active oxygen vacancy in each of the 
compensated alkali metal doped structures releases two 
electrons. The extra electrons in the doped bulk lattice are 
expected to reduce Cr cations and Bader analysis along with 
spin magnetisation values were used to identify the reduced Cr 
cations throughout. In all of the doped structures, two Cr 
cations are reduced from Cr3+ to Cr2+ and are shown as the green 
Figure 3: The local optimised geometry and calculated PEDOS for the compensating 
oxygen vacancy in (a) Li-Cr2O3, (b) Na-Cr2O3, (c) K-Cr2O3 and (d) Rb-Cr2O3. The grey and 
red spheres are the lattice positions of the Cr cations and O anions, while the green, 
purple, pink, and orange spheres show the locations of the Li, Na, K and Rb dopants. The 
black sphere shows the location of the most favourable lattice site for the compensated 
oxygen vacancy. The blue, red, green lines in the PEDOS plot are the s, p and d states 
with the top of the valence band aligned to 0eV and the dotted line shows the Fermi 
level. 
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spheres in Figure 4. These Cr2+ cations have an increase in Bader 
charges from 4.0 electrons (Cr3+) to 4.4 electrons (Cr2+) and have 
an increase in spin magnetisation from 3.0 to 3.7. The reduced 
Cr species, denoted as Cr2+2, are next neighbour to the active 
oxygen vacancy and next nearest neighbour to the dopant in Li-
Cr2O3 and Na-Cr2O3, while the opposite is true of the other 
reduced Cr species, denoted as Cr2+1. For K-Cr2O3, both reduced 
Cr2+ species are next neighbour to the dopant and active oxygen 
vacancy as seen in Figure 4(c) and in Rb-Cr2O3 both Cr2+ species 
are next-next nearest neighbour to the dopant active oxygen 
vacancy since the Rb+ dopant is too large to accommodate the 
large Cr2+ cation (with an ionic radius of 0.80Å) in close 
proximity.   
 
The PEDOS plots in the lower panel of Figure 4, show that for 
each of the active vacancies in the doped structures the 
reduction of the Cr3+ to Cr2+ cations introduces occupied and 
unoccupied Cr 3d defect levels in the energy gap between the 
VB maximum and CB minimum. In each of the doped structures 
a spin paired solution (singlet) is most stable in which two Cr2+ 
species have opposing α (up) and β (down) spins as indicated in 
the lower panel of the PEDOS plot.  The exception is Rb-Cr2O3 
where both Cr2+ species have α-spins in a triplet configuration 
which is more stable than a singlet configuration by 0.2 eV.  The 
occupied peak for Li-Cr2O3 is located 0.8 eV and the unoccupied 
peak is located at 2.0 eV above the top of the VB.  For Na-Cr2O3 
these peaks are located at similar energies to Li doped Chromia. 
In K-Cr2O3, the β-spin occupied peak is at 0.52 eV and the α-spin 
occupied peak is located at 0.82 eV above the top of the VB. The 
unoccupied Cr 3d peaks start at 1.12 eV above the top of the 
VB. For Rb-Cr2O3, the Cr 3d peaks from the reduced cations are 
located around 0.39 eV and an unoccupied Cr 3d peak is located 
at 1.02 eV above the VBM.  
 
Migration of oxygen vacancies in undoped Cr2O3 
The oxygen vacancy migration barriers were calculated along 
the [010], [100] and [110] -directions for the undoped Cr2O3 
bulk as a reference to compare with computed migration 
barriers in the alkali metal doped Cr2O3 bulk structures. The 
[010], [100] and [110] direction are considered for oxygen 
migration along the x, y and z coordinates, respectively. The 
Figure 4: The local optimised geometry and calculated PEDOS for the active oxygen 
vacancy in (a) Li-Cr2O3, (b) Na-Cr2O3, (c) K-Cr2O3 and (d) Rb-Cr2O3. The grey and red 
spheres are the lattice positions of the Cr cations and O anions, while the green, purple, 
pink, and orange spheres show the locations of the Li, Na, K and Rb dopants. The black 
sphere shows the location of the most favourable lattice site for the compensated 
oxygen vacancy, while the dark blue sphere shows the location of the active oxygen 
vacancy. The Cr2+ cations are shown by the dark green spheres. The blue, red, green lines 
in the PEDOS plot are the s, p and d states with the top of the valence band aligned to 
0eV and the dotted line shows the Fermi level. 
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structures for the starting and end points of the calculations 
with the optimised transition states (TS) along the pathways are 
shown for the [010] and [100] directions in Figures 5(a) and (b), 
respectively, and for the [110] direction in Figure 6. There are a 
larger number of images calculated for migration in the [110] 
direction than for the [010] and [100] directions as the 
environment of the oxygen atoms is asymmetric along the [110] 
migration pathway. The coordination within the layers is 
symmetric along the migration pathway. This results in two TS 
state structures for the [110] direction. In each of the figures, 
the black sphere shows the location of the vacancy and the 
yellow sphere shows the lattice oxygen atom that is migrating 
between the vacancies. The calculated minimum energy 
pathways and activation barriers along each migration direction 
are shown in Figures 7(a)-(c), with each of the points on the 
energy curve corresponding to an image of the CI-NEB 
calculation and the TS energy labelled for the structures in 
Figures 5 and 6. The plots shown in Figure 7 are determined by 
using the total energy with the active oxygen vacancy as the 
reference point denoted E[Ovac], and plotting the energy for 
each of the images with respect to this energy as E[image] - 
E[Ovac]. The energy difference is then plotted against the 
change of coordinate for the migrating oxygen atom along each 
migration direction.  For the [010] direction in Figure 5(a), the 
migrating oxygen changes from a tetrahedral coordination with 
four Cr-O bonds (2.02-2.06Å) to a two-fold bent coordination in 
the TS with two Cr-O bonds (2.36Å, 1.36Å) with a calculated 
activation energy of 3.30 eV.  The calculated TS for the [100] 
direction shown in Figure 5(b) has a similar geometry to the 
[010] direction; the migrating oxygen atom changes from the 
tetrahedral coordination to the two fold bent configuration (Cr-
O bonds: 2.08Å, 1.83Å). The calculated activation energy for the 
[100] direction is 3.30 eV, which is the same as the [010] 
direction, and both are activation energies similar to previous 
studies.6 The [010] and [100] directions having similar 
structures and energies indicates that oxygen vacancy 
migration can proceed in either direction within a layer once the 
system has enough energy to overcome the high activation 
barriers. 
 
The calculated structures along the oxygen vacancy migration 
path in the [110] direction (Figure 6) show that initially the 
migrating oxygen atom changes coordination from a four-fold 
tetrahedral to a two-fold bent geometry (Cr-O: 1.90Å, 2.18Å) by 
breaking one of the Cr-O bonds as shown in Figure 6(ii), which 
is the TS structure for oxygen migration (Figure 7(c)(ii)). The 
calculated activation energy to overcome this transition state is 
2.54 eV.  The migrating oxygen maintains this geometry in the 
second TS (Figure 6(iii)) with distances of Cr-O 1.78Å (x2), and a 
calculated activation energy of 3.30 eV; this is similar to the  
activation energies in the [010] and [100] directions. The 
difference in energy barriers for migration along the [110] 
direction can be attributed to the first TS requiring the breaking 
of only one Cr-O bond, while the second TS has an additional 
energy cost to break two Cr-O bonds before changing to the 
final tetrahedral configuration. The energy barrier of 2.54 eV 
across the first Cr layer is lower than the [010] and [100] 
directions implying that oxygen migration in the inter-layer 
[110] direction across the Cr layer is more facile than in the 
intra-layer {100} plane (inclusive of symmetrically equivalent 
[010] and [100] directions); however, as the activation energy 
across the second Cr-layer is similar to the energies calculated 
for the {100} plane, any oxygen atoms migrating across the first 
layer will be limited by the energy required to migrate through 
the second Cr-layer. This would be the rate limiting energy 
barrier and it being similar to the {100} plane would imply that 
Figure 5: The migration of oxygen in the (a) [010] direction and (b) the [100] direction. The starting point for each calculation is shown in (i), along with (ii) the calculated 
transition state and (iii) the end point of the calculation. The grey and red spheres are the lattice positions of the Cr3+ and O2- ions, while the yellow sphere shows the 
migrating oxygen atom and the black sphere shows the lattice oxygen vacancy positon. 
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reaching this energy barrier would also allow diffusion in the 
{100} plane, suggesting that migration in all three directions is 
possible by overcoming this energy barrier of 3.30 eV. This is of 
course significantly higher than in other metal oxides such as 
CeO2, and we now discuss the effect of alkali metal doping on 
these migration barriers.  
 
 
 
Migration Barriers for [010] direction in Alkali doped Cr2O3 
The oxygen migration barriers for alkali metal doped Chromia 
are calculated in a similar manner to the undoped Chromia bulk 
with multiple images used in the calculation constructing a 
similar energy profile to that shown in Figure 7. The most stable 
vacancy structure (active oxygen vacancy) in each doped 
structure (Figure 4) is used as the starting point, with the 
neighbouring oxygen and next neighbouring oxygen vacancy 
sites used as the end points of each CI-NEB calculation. As the 
distribution of oxygen vacancy sites is no longer symmetric 
compared to undoped Chromia bulk, the energy profiles and 
migration barriers are asymmetric.  The [010], [100] and [110] 
directions are considered for oxygen migration along the x, y 
and z coordinate. Multiple migration pathways are examined to 
investigate barriers close to the dopant species (neighbouring 
oxygen atom) and further away from the dopant (next-
neighbouring oxygen) in the bulk lattice, resulting in multiple 
transition state (TS) structures. This will provide evidence if the 
oxygen migration is affected in a local or non-local manner by 
the presence of the dopant in the bulk lattice.  
 
The calculated TS structures and the corresponding activation 
energies for the alkali doped bulk Chromia along the [010] 
direction are shown for each dopant in Figure 8(a)-(d); the end 
points for the CI-NEB calculation are indicated by (i) and (iv). The 
full energy profile including all images (similar to Figure 7) for 
the migrating oxygen species are shown in the supporting 
information and for this discussion it is sufficient to present the 
activation energies (Figure 8). The two transition state 
structures can be described as one being next nearest 
neighbour from the dopant cation (TS-1) while the second 
transition state (TS-2) is nearest neighbour to the dopant cation. 
For Li-Cr2O3 migration of oxygen along the [010] direction starts 
from a next nearest neighbour position and the structure for the 
first TS (TS-1) (Figure 8(a)(ii)) has the migrating oxygen 
coordinated to two Cr cations (Cr-O: 1.83Å, 2.08Å), while the 
migrating oxygen in the second TS structure (TS-2) where O 
coordinates to the Li dopant takes a three-fold planar geometry 
with two Cr-O bonds (2.19Å, 1.88Å) and one Li-O bond (1.93Å). 
The calculated activation energies for both TS structures are 
similar (+1.54eV and +1.59eV) indicating that migration in the 
[010] direction is substantially lowered compared to bulk 
Chromia. Starting from migration of O initially next nearest 
neighbour to Na (Figure 8(b)(ii)) and K (Figure 8(c)(ii)), in TS-1 
the migrating oxygen has a similar two-fold bridging geometry 
to that seen for Li-Cr2O3 with two Cr-O bonds of 2.07Å (1.96Å) 
and 1.83Å (1.82Å) in Na-Cr2O3 (K-Cr2O3). The calculated 
activation energy for TS-1 is +2.83eV and +3.04eV in Na-Cr2O3 
and K-Cr2O3, respectively, indicating that the activation energy 
for O migration increases with increasing ionic radius of the 
dopant cation from Li to K for the next nearest neighbour 
oxygen migration; however, in all cases it is still reduced 
compared to migration in bulk Chromia. 
The structure for TS-2 state, in which oxygen coordinates to the 
dopant cation has a trigonal planar geometry for Na-Cr2O3, with 
Figure 6: The migration of oxygen in the [110] direction. The starting point for the 
calculation is shown in (i), along with the transition states (ii) – (iii) and the end point of 
the calculation is (iv). The grey and red spheres are the lattice positions of the Cr3+ and 
O2- ions, while the yellow sphere shows the migrating oxygen atom and the black sphere 
shows the lattice oxygen vacancy positon 
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Cr-O bond lengths of 2.00Å, 1.88Å, and a Na-O bond length of 
2.23Å. In K-Cr2O3 TS-2 structure has a two-fold bridging oxygen 
with Cr-O bond lengths of 2.14Å and 1.93Å, and the K-O 
distance is 3.17Å. The calculated activation energy for TS-2 is 
+1.47eV and +1.31eV in Na-Cr2O3 and K-Cr2O3, respectively, 
indicating the activation energy close to the dopant cation 
decreases with increasing ionic radius which is the opposite 
trend to the next nearest neighbour transition state.  
 
  
Figure 7: The calculated energy barriers in undoped Cr2O3 along the (a) x-direction, 
(b) y-direction and (c) the z-direction. The numbers (i) - (ix) along the curves 
correspond to the images in Figure 5 and 6. 
Figure 8: The calculated CI-NEB pathway for oxygen migration along the [010] direction in (a) Li, (b) Na, (c) K and (d) Rb doped Cr2O3 showing the (i) the starting point, (ii) TS-1, (iii) 
TS-2 and (iv) the end point along with the activation energy for each TS. The grey and red spheres are the lattice positions for the Cr cations and O anions, while the green, purple, 
pink and orange spheres are the Li, Na, K, and Rb dopants respectively. The migrating oxygen species is shown by the yellow sphere in each image. 
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In Rb-Cr2O3, the much larger cation size compared to the other 
dopants has a profound effect on the migration barrier and TS.  
The TS-1 structure has a tetrahedral geometry with three Cr-O 
bonds (1.89Å x2, 2.11Å) and an Rb-O bond length of 2.45Å, 
while the TS-2 structure close to the Rb dopant has a two-fold 
bridging geometry with a Cr-O (1.93Å) and Rb-O (2.31Å) bonds. 
The calculated energy for the migration of oxygen from the next 
nearest neighbour position is +2.46eV which is lower than the 
corresponding TS in K-Cr2O3 and Na-Cr2O3 as the larger size of 
the Rb dopant allows Rb-O bonding to stabilise TS-1. However, 
for TS-2 close to the Rb cation, the calculated activation energy 
of +4.52eV is much larger than even undoped Cr2O3 and does 
not follow the trend of the other dopants. The large size of the 
Rb dopant makes the migration near the dopant more difficult, 
most likely arising from the inability of the large Rb cation to 
move. In contrast the smaller dopants can accommodate 
movement of oxygen past the dopant. The large ionic radius of 
Rb therefore promotes oxygen migration away from it while 
hinders nearby migration. 
 
Migration Barriers for [100] direction in Alkali doped Cr2O3 
The calculated TS structures and corresponding activation 
energies for the oxygen migration along the [100] direction 
(change in y coordinate) are shown in Figure 9(a)-(d); the end 
points for the CI-NEB calculation are parts (i) and (iv). Along the 
[100] direction, oxygen migrates across the dopant cation in TS-
1. In the TS-2 structure, oxygen migration is next nearest 
neighbour to the dopant species. For Li-Cr2O3 and Na-Cr2O3 in 
the TS-1 structure, the migrating oxygen takes three-fold 
trigonal planar geometry with two Cr-O bond lengths of 1.87Å 
(1.87Å), and 2.11Å (1.98Å) in Li-Cr2O3 (Na-Cr2O3), and a Li-O (Na-
O) bond length of 1.95Å (2.18Å). The structure for TS-1 in K-
Cr2O3 has a two-fold bridging coordination with Cr-O and K-O 
bonds that are 1.74Å and 2.32Å. The calculated activation 
barriers for the oxygen migration across the dopant cation 
increase from 1.57eV to 3.65eV with increasing dopant ionic 
radius from Li to K.  Unlike the [010] direction, the migration 
across the dopant cation in the [100] direction is gradually 
hindered by the increasing size of the dopant ionic radius as the 
hexagonal structure of the bulk Chromia is shorter in this 
direction and cannot accommodate the migration in a similar 
way to the [010] direction.  
 
In the TS-2 structure, oxygen takes a two-fold bridging 
coordination for Li-, Na-, and K-, doped Cr2O3. All three 
structures having similar Cr-O bond lengths of 1.84Å and 2.11Å. 
The calculated activation energies for oxygen migration next 
nearest neighbour to the dopant are similar for Li and K doped 
Cr2O3 while Na-Cr2O3 has a lower activation energy. However, 
these only show a small decrease compared to undoped Cr2O3.  
For Li and Na doped Cr2O3, the activation energy away from the 
dopant has a higher energy than across the dopant suggesting 
that the dopant facilitates oxygen migration in the [100] 
direction, while for the larger ionic radius of the K dopant the 
oxygen migration is impeded with a larger activation energy 
than the undoped Chromia system. Similar to the [010] 
direction, the oxygen migration for the Rb-Cr2O3 does not follow 
the same trend as the other dopants. The TS-1 structure, with 
oxygen closest to the Rb dopant (Figure 9(d) (ii)), has a two-fold 
bridging oxygen with Cr-O and Rb-O bond lengths of 1.74Å and 
2.42Å.  The TS-2 structure for the next nearest neighbour 
oxygen site (Figure 9(d) (iii)) is also two-fold bridging with two 
Cr-O bonds (1.82Å, 2.07Å).  The calculated activation energy for 
the TS-1 across the Rb dopant (+3.30eV) shows no improvement 
over the undoped Cr2O3 lattice, while the nearest neighbour 
oxygen migration away from the Rb dopant has a similar energy 
to Li-Cr2O3 and K-Cr2O3 but the change is minimal compared to 
the undoped Chromia system.  
 
Migration Barriers for [110] direction in Alkali doped Cr2O3 
The calculated TS structures and corresponding activation 
energies for the alkali doped bulk Chromia along the [110] 
direction (change in z coordinate) are shown in Figure 10(a)-(d); 
the end points for the CI-NEB calculation are parts (i) and (iv).  
As the c-vector for bulk chromia is longer than the a and b 
vectors, a larger number of images are required to provide 
sufficient sampling along the [110] direction, resulting in the 
three TS structures shown in Figure 10. Unlike the oxygen 
migration in the intra {100} planes of the layers, there appears 
to be no observable trend down the alkali dopants for the 
interlayer oxygen migration along the [110] direction.  
 
For Li-Cr2O3, each of the TS structures are similar having a two-
fold bridging geometry with Cr-O bond lengths of 2.27Å, and 
1.90Å in TS-1 (Figure 10(a)(ii)), 1.80Å in TS-2 where oxygen 
migrates across the Li dopant with a Li-O bond length of 1.79Å 
(Figure 10(a)(iii)), and in TS-3 (Figure 10(a)(iv)) with two Cr-O 
and Li-O bond lengths of 1.87Å, 2.43Å and 2.21Å. The calculated 
activation energies for the TS structures in Li-Cr2O3 indicate that 
the activation energy for oxygen migration increases as oxygen 
moves past the dopant while this is lower for next nearest 
neighbour oxygen migration towards and away from the Li 
dopant.  
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 Figure 9: The calculated CI-NEB pathway for oxygen migration along the [100] direction in (a) Li, (b) Na, (c) K and (d) Rb doped Cr2O3 showing the (i) 
the starting point, (ii) TS-1, (iii) TS-2 and (iv) the end point along with the activation energy for each TS. The grey and red spheres are the lattice 
positions for the Cr cations and O anions, while the green, purple, pink and orange spheres are the Li, Na, K, and Rb dopants respectively. The migrating 
oxygen species is shown by the yellow sphere in each image. 
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The coordination geometries for each of the TS structures in Na-
Cr2O3 are similar these for Li-Cr2O3 with Cr-O bond lengths of 
1.79Å (x2) in TS-1. In TS-2 the Cr-O and Na-O bond lengths are 
1.78Å and 2.05Å. Finally the structure for TS 3 has Cr-O and Na-
O bond lengths of 1.85Å and 2.16Å. Similar to the Li-Cr2O3, the 
largest calculated activation barrier for oxygen migration is 
found when the oxygen is migrating past the Na dopant, with 
smaller (but still similar to undoped Cr2O3) activation energies 
calculated for migration to next nearest neighbour positions 
away from the Na dopant; all activation energies are larger than 
calculated for Li-Cr2O3. The largest activation energies for both 
dopants are larger than for undoped Chromia (+3.30eV) so that 
the presence of the Li and Na dopants will not promote oxygen 
migration in the [110] direction. The oxygen migration along the 
[110] direction for Rb-Cr2O3 is similar to Li and Na doped Cr2O3 
as the coordination geometry of the TS structures are similar 
and the calculated activation energies show similar behaviour 
with the largest activation energy for oxygen migration being 
closest to the Rb dopant (+4.34eV) and smaller activation 
energies for the next nearest neighbour oxygen migration away 
from the Rb dopant similar to Li-Cr2O3 and Na-Cr2O3.  
 
The oxygen migration process in the [110] direction for K-Cr2O3 
shows different behaviour to the other alkali dopants. Although 
the TS structures have similar two-fold bridging geometries to 
the other dopants, the lowest calculated activation energy 
barrier is when oxygen neighbours the K dopant and the 
activation barriers are larger for oxygen migration to next 
nearest neighbour positions, unlike Li, Na and Rb doped Cr2O3. 
The lower activation energy when oxygen neighbours the K 
dopant is due to the position of the charge compensating 
vacancy which provides space to reduce the strain around the K 
dopant, facilitating more facile oxygen migration close to the K 
dopant. If charge compensation was not considered, this 
property of K doping would not have been observed, providing 
further evidence to the importance of considering charge 
compensation in doped metal oxide systems.  
 
Discussion: 
The results of this work show that substitutional doping of alkali 
metals in Chromia creates hole states on neighbouring oxygen 
species that are charge compensated by spontaneous 
formation of oxygen vacancies.  The formation of an active 
oxygen vacancy acts as a descriptor for reducibility. The 
introduction of the alkali dopants greatly promotes the 
reducibility of Chromia by decreasing the computed oxygen 
vacancy energy from 4.11 eV (undoped) to 2.71eV for Li-Cr2O3, 
2.27eV for Na-Cr2O3, 2.14eV for K-Cr2O3 and 1.09eV for Rb-
Cr2O3. There is a correlation between the ionic radius and the 
oxygen vacancy formation energies down the group 1 metals as 
shown in Figure 11; albeit not a perfect linear correlation. As the 
metal dopant gets larger the reducibility of the Chromia lattice 
increases. This indicates that larger dopant cations in Chromia 
decrease the oxygen vacancy energy and promote reducibility 
in the material. Such correlation between oxygen vacancy 
formation and dopant ionic radius has been seen for alkaline 
earth metals in CeO2.34 This can be generally attributed to the 
distortions induced by the presence of the dopant on the host 
lattice site which has a different ionic radius, different preferred 
coordination environment and (possibly) different oxidation 
state. The effect of dopant ionic radius on the reducibility of 
CeO2 with Th and U dopants, as well as Ce doping in ThO2 and 
UO2 also has an effect on oxygen vacancy migration in these 
metal oxide materials which impacts on their properties for 
various oxygen mediated catalysis and applications.71 
 
Although oxygen vacancy formation energy is a strong indicator 
for the reducibility of the material, it cannot be a descriptor for 
the mobility of oxygen vacancies through the material. The 
investigation of oxygen migration in alkali metal doped bulk 
chromia in this study shows that oxygen migration is a 
complicated process with the presence of the dopant 
significantly altering the migration pathways in bulk Chromia 
along the [010], [100] and [110] directions. From the calculated 
activation energies of the transition states in each doped 
structure, the highest energy and rate limiting barriers in each 
direction are summarised in Table 4. These energies are 
important as they will control the oxygen migration in the alkali 
metal doped bulk Chromia. For Li, Na and Rb dopants, the 
activation barriers in the [110] direction are larger than the 
undoped bulk indicating that the presence of the dopants 
supresses inter-layer oxygen migration, while K doping shows a 
negligible improvement over undoped Chromia. The Li-Cr2O3 
and Na-Cr2O3 doping promote intra-layer oxygen migration in 
the {100} planes ([010] and [100] directions) in particular for the 
[010] direction in Li-Cr2O3 which can explain its usefulness as a 
cathode material in SOFCs and Li-ion batteries that is worthy of 
further study.20, 21   
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Figure 10: The calculated CI-NEB pathway for oxygen migration along the [110] direction in (a) Li, (b) Na, (c) K and (d) Rb doped Cr2O3 showing the (i) 
the starting point, (ii) TS-1, (iii) TS-2, (iv) TS-3 and (v) the end point along with the activation energy for each TS. The grey and red spheres are the 
lattice positions for the Cr cations and O anions, while the green, purple, pink and orange spheres are the Li, Na, K, and Rb dopants respectively. The 
migrating oxygen species is shown by the yellow sphere in each image. 
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The K-Cr2O3 system also shows a slight improvement for the 
oxygen migration in the [010] direction but has a larger 
activation energy in the [100] direction than the undoped bulk. 
Rb-Cr2O3 does not promote oxygen migration in any direction 
of the bulk lattice as the large ionic radius of the Rb limits the 
oxygen migration pathways. This too can be said for K doping as 
the improvement of the activation energies over the undoped 
bulk is not as significant as either Li-Cr2O3 or Na-Cr2O3. However, 
examining the activation barriers for K doping, the lowest 
energy barriers are where the migration is closest to the K 
dopant in each direction. This is facilitated by the position of the 
charge compensating oxygen vacancy which indicates that a 
local improvement is possible for K doping. A larger 
concentration of K doping may improve the oxygen migration in 
the bulk Chromia due to this localised enhanced oxygen 
migration process around the K dopant.  
 
The smaller Li and Na dopants promote oxygen migration to a 
greater extent over the larger K and Rb dopants, which is the 
opposite of the trend seen for the oxygen vacancy formation 
energies. Doping with Li can promote unidirectional intra-layer 
oxygen migration, while Na doping can promote oxygen intra-
layer migration in two directions. There is thus no correlation 
between the oxygen vacancy formation energies and the 
activation energies for the oxygen migration in the alkali metal 
doped bulk Chromia, as the origins of the enhanced reducibility 
and migration are based on the local properties of the particular 
dopant species which influence these processes in different 
ways. Since the oxygen migration pathways are complex in the 
alkali metal doped oxide, using the oxygen vacancy formation 
energy as a descriptor to predict the improvement in ionic 
conductivity for these systems is not possible. From our 
calculations, Na doping is the best promotor as the oxygen 
vacancy formation energy is low while it also has low activation 
energy barriers in both [010] and [100] directions for improving 
intra-layer ionic conductivity.  
In understanding the effect of the dopants on oxygen migration, 
we note that work on oxygen vacancy migration in other oxides, 
e.g. ZrO2, CeO2 has implicated atomic relaxations around the 
vacancy in determining the migration barriers of the vacancy92. 
The strong relaxations around the defect site can act to impede 
migration of vacancies – the larger the relaxations then the less 
favourable is the migration process, with a larger barrier92 and 
overcoming this can help to increase the ionic conductivity.  
In the present work the magnitude of the relaxations around 
the vacancy site correlate with the ionic radius of the dopant – 
larger relaxations for a larger dopant. Thus if we consider 
migration along the (010) direction, as in figure 8, we note that 
the size of the largest barrier (which will determine the ionic 
conductivity) increases with an increase in the ionic radius of 
the dopant. Given that the magnitude of relaxations increases 
with the ionic radius of the dopant this finding appears to be 
consistent with the concept of large relaxations impeding the 
migration of vacancies 92 Thus a dopant in Cr2O3 such as Na may 
provide the best balance between ease of vacancy formation, 
atomic relaxations and lower migration barriers. 
Modifying the oxygen vacancy migration process by alkali metal 
doing of Cr2O3 can improve the poison resistance of stainless 
steel (Cr-based) SOFC’s and prevent Cr2O3 formation by 
inhibiting oxygen migration along the [110] direction due to the 
larger activation barriers as seen in this study.20, 21, 23-25  The 
choice of alkali metal dopant can also be important as the 
dopant cations change isotropic diffusion in undoped Cr2O3 to 
anisotropic diffusion, which is a useful insight and an important 
property for next generation SOFC cathodes and electrolyte 
materials.93, 94 
 
 
Table 4: The calculated rate limiting activation energies for the undoped and alkali 
metal doped bulk Chromia in each direction.  
 [010] 
direction  
(eV) 
[100] 
direction  
(eV) 
[110] 
direction  
(eV) 
Cr2O3 +3.30 +3.30 +3.30 
Li-Cr2O3 +1.59 +3.14 +3.99 
Na-Cr2O3 +2.83 +2.77 +4.41 
K-Cr2O3 +3.04 +3.64 +3.06 
Rb-Cr2O3 +4.52 +3.30 +4.34 
 
Figure 11: The plot of oxygen vacancy formation energy with respect to dopant ionic 
radius in each of the alkali metal doped Chromia bulks. 
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Conclusions 
The Density functional theory calculations using the Perdew-
Burke-Ernzerhof (PBE) with the Hubbard +U correction (PBE+U) 
were used to investigate alkali metal (Li, Na, K, Rb) doping of 
bulk Chromium (III) oxide.  Our calculations show that doping 
Chromia with these lower valence dopants results in hole 
formation on the lattice oxygen species which are compensated 
by formation of spontaneous oxygen vacancies. The removal of 
another oxygen atom termed ‘the active oxygen vacancy’ 
provides the formation energy relevant to experiment. Doping 
with alkali metals greatly improves the oxygen vacancy 
formation energy over the undoped Chromium oxide bulk with 
a correlation emerging between the oxygen vacancy formation 
energy and the ionic radius of the metal dopant; larger dopants 
(K, Rb) promote oxygen vacancy formation energy to a greater 
extent than smaller dopants (Li, Na).  
 
The activation barriers for oxygen migration in the alkali metal 
doped Chromium bulk were also calculated to examine the 
effect of doping on the ionic conductivity.  The calculated 
activation energies for undoped Chromia were found to be 
symmetric and isotropic. The presence of the dopants breaks 
this symmetry. Alkali dopants promote intra-layer oxygen 
migration in the {100} planes, while supressing inter-layer 
oxygen migration across the Cr cation layers.  There were no 
observable correlations for the rate determining activation 
barriers of the doped bulk in each direction to either ionic size 
or oxygen vacancy formation energies. In contrast to the oxygen 
vacancy formation energies, the activation energies for oxygen 
migration can be lower for smaller ionic radius dopants (Li, Na) 
and are high for the larger ionic radius dopants (K, Rb). The 
smaller ionic dopants coupled with the position of the charge 
compensating oxygen vacancy, facilitate easier intra-layer ionic 
conductivity. The Na-Cr2O3 bulk strongly promotes both oxygen 
vacancy formation and migration, and can be a predicted novel 
candidate for electrolytes in medium temperature SOFCs, an 
alternative anode material to Li-Cr2O3,20, 21 or as a promoter for 
oxygen evolution reactions,14 and in high temperature 
methanol synthesis.17 
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